The interest in hybrid systems combining magnetic resonance imaging and medical linear accelerator (MR-Linac) is rapidly increasing due to the clinical availability of different systems. Reference dosimetry is a critical issue for integrating these devices into clinical practice. However, the response of ionization chambers changes according to the distinct orientation of the chamber with respect to the magnetic field. In this study, we have carried out Monte Carlo simulations to identify an optimal orientation for thimble type chambers in MRgRT reference dosimetry. Our findings suggest that an orientation where the chamber axis is parallel to the magnetic field axis should be preferred.
Introduction
Great effort has recently been devoted to the development of setups for MR-guided Radiotherapy (MRgRT). However, several practical questions arise when implementing MRgRT in clinical practice. A challenging issue is the definition of a suitable protocol for reference dosimetry, where commonly air-filled ionization chambers are used. Trajectories of secondary electrons are bent in the presence of a B-field, causing a change in measured signal of the ionization chamber. To account for this, a new correction factor k B is introduced.
First investigations into this topic have found that the response of a thimble type ionization chamber is highly dependent on the angle between the axis of the ionization chamber and the axis of the magnetic field [1] [2] [3] [4] . Assuming that the axis of a thimble type chamber should be perpendicular to the incoming beam and the magnetic field axis is also perpendicular to the incoming beam, this angle α is the only degree of freedom left for a full description of the ionization chamber's orientation (see Figure 1) .
The results of this simulation study were used to determine an optimal orientation of a thimble type chamber with respect to the B-field for robust MRgRT reference dosimetry.
Methods
In this work, we present simulated correction factors for a NE2571 ionization chamber (Phoenix Dosimetry, Camberly, England), which is rotated around the central beam axis in angular steps of 10°, for B-fields ranging from 0.25 to 2.5 T. We calculated the average change for a ±10° misalignment of the chamber, relative to orientations where the chamber was parallel or perpendicular to the magnetic field axis.
For this, we utilized the Monte Carlo package EGSnrc (PRESTA-II) with the recently published enhanced algorithm for electron transport in electro-magnetic fields [5] . An Elekta 6MV FFF linear accelerator beam model served as input for a 30x30x20 cm 3 water phantom in which the chamber was placed in 10cm depth.
Modelling the NE2571 ionization chamber was based on a previous publication by Wulff J et al. [6] . All the material cross sections, except these for water and air, were taken from ICRU Report 37. The cross sections for water and air were calculated in PEGS4 for an atmospheric pressure of 101.325 kPa and a temperature of 293.15 K.
The used parameters for EGSnrc are shown in Table 1 . 
Results
The results show a highly variable detector signal, especially for orientations where the chamber axis is perpendicular to the magnetic field: e.g. 4.30(14) % signal increase for 1.5T. For higher B-field strengths, the change of detector signal decreases. At 2 T, minor differences between parallel and perpendicular orientations were observed. The change of the ionization chamber's response is shown for all angles in Figure 2 . All the presented values were normalized to the situation without magnetic field and α = 0°.
One can see the forming of two peaks for low field strengths at 90 and 270°. These peaks decrease for higher field strengths and new peaks at 0 and 180° emerge. Overall one can see an increase of the detector response with increasing magnetic field strength up to 1 T, whereas for higher magnetic field strengths the detector signal is decreasing again. Without the magnetic field, no significant change of measured dose was observed.
To identify a favourable orientation of measurement the average change for a misalignment of ±10° was calculated for α = 0°, α = 90°, α = 180° and α = 270°. As shown in Table 2 , a perpendicular orientation (α = 90/270°) of the chamber axis with respect to the B-field would be optimal for stability as the relative signal change is lowest in this orientation. Table 2 : Average change of chamber response for an angular misalignment of ± 10 ° at B=1.5T. 
Discussion
Our simulations show a clear dependence of the ionization chamber's response on the angle between the magnetic field vector and the ionization chamber axis. It can be seen that the change of response of the ionization chamber is maximal for orientations where the magnetic field axis, the radiation beam and also the chamber axis are each pairwise perpendicular. In this situation, the mean Lorentz force is directed parallel to the ionization chambers axis and therefore electron showers are bent into the sensitive volume. The minor difference between the results at 90 and 270 ° can be explained by the asymmetry of the ionization chamber. The situation where electron showers are bent into the direction of the stem of the chamber shows a slightly higher change of response. For 1.5 T, the setup is most stable for α = 90° and α = 180°. Hence, these more stable orientations would be preferable, but on the other hand, the overall effect is maximal for these orientations, too.
Conclusion
For routine clinical practice, we recommend an orientation where the chamber axis is parallel to the magnetic field axis. At this position, the change of effect caused by the magnetic field is less than 1% and therefore negligible for most routine tasks. Tough, further experimental validation is needed to find a reliable correction factor k B for this orientation. Experimental setups for this situation are hard to establish, because a lot of room is needed between the pole shoes of a magnet to place an ionization chamber in this orientation.
